In this work, a feasible alternative for flow devices construction on poly(methyl methacrylate) (PMMA) substrates is presented. A CAD/CAM (Computer Assisted Design/Computer Aided Machining) process was selected for construction of the devices. In this process, the vectorial draw is transferred to a polymeric surface, with the miller movement being controlled according to the CAD data. This method is particularly appropriate for rapid prototyping applications and enables the use of different substrates. Different sealing techniques were evaluated and UVphotopolymerization of acrylic acid (AA) was selected to seal the fluidic devices imprinted on PMMA substrates. The hydrodynamic characteristics of the developed flow devices were then assessed with dye solutions. Sequential determination of calcium and magnesium in mineral waters, a routine analysis, was selected to evaluate the performance of the developed flow devices. Micro-pumps were used as propulsion units, i.e. multipumping approach.
In this work, a feasible alternative for flow devices construction on poly(methyl methacrylate) (PMMA) substrates is presented. A CAD/CAM (Computer Assisted Design/Computer Aided Machining) process was selected for construction of the devices. In this process, the vectorial draw is transferred to a polymeric surface, with the miller movement being controlled according to the CAD data. This method is particularly appropriate for rapid prototyping applications and enables the use of different substrates. Different sealing techniques were evaluated and UVphotopolymerization of acrylic acid (AA) was selected to seal the fluidic devices imprinted on PMMA substrates. The hydrodynamic characteristics of the developed flow devices were then assessed with dye solutions. Sequential determination of calcium and magnesium in mineral waters, a routine analysis, was selected to evaluate the performance of the developed flow devices. Micro-pumps were used as propulsion units, i.e. multipumping approach. 1 In this way, it was possible to increase the degree of mixture between solutions due to the pulsed flow provided by the micro-pumps strokes, to avoid the use of commutation units for insertion of the solutions and to take advantage of its small size, when compared to other propulsion units. 1 
Experimental

Reagents and chemicals
All chemicals were of analytical reagent grade and double deionized water (conductivity < 0.1 mS cm -1 ) was used throughout. Bromothymol blue (BTB) stock solution was prepared by dissolving 0.400 g of dye in 25 mL of 96% ethanol, making the final volume up to 100 mL with 1 ¥ 10 -2 mol L -1 borax solution. Working solutions were then prepared by diluting the required volume of BTB stock solution with the same borax solution. 2 Stock ) was prepared by diluting 10 mL of CPC stock solution and 10 mL of 8-HQ stock solution to 100 mL.
R5 solution (EGTA 7.5 ¥ 10 -3 mol L -1 , BaCl2·2H2O 1 ¥ 10 -3 mol L -1 , NH3/NH4 + 0.75 mol L -1 , pH 10.5) was prepared by dissolving 4.01 g of ammonium chloride in approximately 20 mL of water. Thereafter the pH was adjusted to 10.5 with a sodium hydroxide solution 2 mol L -1 . Finally 10 and 1 mL of EGTA and BaCl2·2H2O stock solutions, respectively, were added and the final volume adjusted to 100 mL. R6 solution (CPC 300 mg L ) was prepared by diluting 15 mL of the CPC stock solution to 100 mL.
R3 and R4 solutions were used for calcium determination, while R5 and R6 solutions were used for magnesium determination.
AA was used without any prior treatment to seal the fluidic devices and a volume of 2.5 mL per cm 2 was spread over the PMMA lid block.
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Roland DG Corporation). The sealing of the fluidic devices was achieved by UV-photopolymerization of AA. To achieve this, the PMMA lid block was covered with a thin layer of AA (2.5 mL cm -2 ); the fluidic device was subsequently placed over the lid and both were carefully placed in a holder made of two PMMA blocks. Finally, the assembly was tightened together by means of C-clamps and the AA was cured by UV light (HPW125W-T E27, Philips) in a polymerization chamber with reflecting walls. The UV light output by the lamp has an emission spectrum between 320 and 400 nm, with a maximum around 365.5 nm (over 90% of the total), and an irradiation intensity of 5.5 ¥ 10 -3 kJ s -1 m -2 . 3 Temperature control during polymerization indicated that the maximum temperature achieved was 50˚C, which is perfectly acceptable given that the PMMA has a glass transition temperature (Tg) of approximately 105˚C. 4 Following polymerization, the channels were cleaned with water to eliminate the remaining AA.
The flow system (Fig. 1B) , was designed with a reactor imprinted on PMMA (1 mm wide, 0.5 mm deep and 113 cm long), six solenoid micro-pumps operating at a fixed displacement diaphragm (090SP12-8, Bio-Chem Valve Inc., 8 mL per stroke), a three-way solenoid valve (161T031, NResearch Inc.), a homemade confluence point and a Jenway 6300 spectrophotometer equipped with a flow cell (30 mL internal volume, 10 mm optical path). Absorbance measurements were carried out at 571 nm.
For data acquisition and control of the analytical system, a Pentium based microcomputer equipped with an Advantech PCL-711B interface card was used. All software was developed in Visual Basic 6.0 (Microsoft) with the low level dynamic libraries being supplied by Advantech. The software used also controlled the power drive based on a UNL 2003 integrated circuit, with the power dissipation being minimized through the use of a reduced activation period.
Microscope images of the films resulting from UVphotopolymerization of different monomers were obtained using a microscope Nikon, Model Eclipse E400.
Flow manifold
The hydrodynamic characteristics of the developed flow devices (Fig. 1B) were evaluated using BTB and borax as sample and carrier, respectively. BTB and borax solutions were introduced into the flow system by micro-pumps MP2 and MP1, respectively. All four other inputs were closed. The analytical signal in these studies started with the definition of the baseline by activating micro-pump MP1 at a fixed frequency. At this point the BTB solution was inserted, with the volume being directly related to the micro-pump MP2 frequency of actuation and to the period over which it was activated. Following this, the micro-pump MP1 was activated, thereby enabling BTB to be transported through reactor R (Fig. 1B) . After a predefined period, the solenoid valve, used to define two parallel analytical pathways permitting flow management in the detector, was activated, allowing spectrophotometric detection (l = 620 nm).
For the sequential determination of calcium and magnesium (Fig. 1B) , micro-pumps MP1 and MP2 were used for inserting carrier and sample solutions, respectively. Micro-pumps MP3 and MP4 were respectively used for the insertion of R3 (buffer) and R4 (chromogenic reagent, CPC and masking agent, 8-HQ) solutions, both used for calcium determination. The two last micro-pumps, MP5 and MP6, were responsible for inserting the solutions for magnesium determination, R5 (buffer, masking agent, EGTA and Ba 2+ ) and R6 (chromogenic reagent, CPC), respectively.
The analytical cycle was divided into two parts. The first was initiated with the establishment of a baseline through insertion of the carrier solution by operating micro-pump MP1 at a fixed frequency, which defined the flow rate. Sample, R3 and R4 solutions were then consecutively inserted into the analytical pathway by successive activation of micro-pumps MP2, MP3 and MP4, respectively. The combination between the micro-pump frequency and the predefined period of micro-pump operation determined the inserted volumes of the solutions. Subsequently, the developed reaction zone was transported through reactor R, by activating micro-pump MP1. After a predefined time, valve V was activated; the reaction zone sent towards the detector and an analytical signal corresponding to calcium was obtained.
The second part corresponded to magnesium determination and was identical to the first, except that the R5 and R6 solutions were inserted instead of R3 and R4.
Reference method
To assess the accuracy of the results obtained by the developed system, we compared them to those furnished by the reference method. The reference method was carried out by atomic absorption spectrometry, according to the Standard Methods for . The samples were analyzed by an air/acetylene flame with calcium and magnesium hallow cathode lamps as radiation sources.
Results and Discussion
Evaluation of the sealing process
Different sealing strategies were tested and evaluated in order to obtain a simple and rapid process to enclose the imprinted channels. Leakage efficiency was verified by filling the channels with dye solution (BTB); the absence of dye solution outside the channels indicated the absence of any leakage.
Initially, the imprinted reactors were fixed by several screws against a flat block of PMMA with identical dimensions. A PVC layer (0.10 mm thickness) was set between the blocks to avoid shedding the solutions. This strategy has on the one hand the advantage of enabling the device to be opened for cleaning proposes 6 but, on the other hand, the use of screws is not as simple and fast as desirable and in addition, is not entirely compatible with the miniaturization concept.
Another strategy tested was bonding the PMMA block against the other flat PMMA block using PVC glue or chloroform (solvent bonding). However, a uniform seal was only obtained for small areas and the channels clogged frequently. An aluminum adhesive tape was also tested for sealing the imprinted reactors, but this strategy was only suitable for quick tests due to adsorption on the adhesive tape in contact with the channels.
Finally, UV-photopolymerization of two monomers was assessed. When a mixture of 2-hydroxyethyl methacrylate (HEMA) and AA is exposed to UV light in the presence of Irgacure 651 (Irg) (registered trade name for 2,2-dimethoxy-2-phenyl acetophenone), a hydrogel is formed. 7 If this process occurs between two PMMA blocks, the formed hydrogel can bond them. In spite of the efficiency of this sealing process, variations in thickness and uniformity of the formed hydrogel layer could influence the flow device performance and even provoke channel clogging. In this way and given that this sealing process has the advantages of being fast, simple and gives rise to strong bonding forces, the optimization of this process was carried out in order to establish the optimum working conditions.
In the first place, uniformity, hardness and polymerization time of AA, HEMA and AA plus HEMA films were evaluated. The results obtained (Fig. 2) showed that the uniformity of the films increased in the order HEMA, AA plus HEMA and AA. On the one hand, there was evidence that HEMA films shrinkage during polymerization and the films were nonuniform and seemed breakable. On the other, AA films were very uniform, invisible to the naked eye; a metallic spatula did not cross off the films.
The AA plus HEMA films' characteristics were between those of the AA and the HEMA films: namely, there were some films shrinkage, but less than in the HEMA films, the films were non-uniform specially at the borders and a metallic spatula did not cross off the films. Regarding polymerization time, for AA films, less than 5 min was enough to obtain a uniform film, while HEMA and AA plus HEMA films need approximately 15 min.
Subsequently, the influence of Irg concentration on the films' characteristics was studied. Polymerization with and without Irg (namely 0, 3 and 6% (m/v)) was evaluated. For the AA films, in all three cases, the films were very uniform and undetectable to the naked eye. For HEMA films it was possible to conclude that without Irg there was no polymerization and that for the different Irg concentrations tested there was evidence of film shrinkage; the films were non-uniform and had some bubbles. Finally, in the AA plus HEMA films it was possible to conclude that the films' uniformity increased with increasing percentage of Irg. Nevertheless, the films were non-uniform, In all studies, AA films showed the best characteristics concerning uniformity, hardness and polymerization time, even in the absence of Irg. Therefore, and in order to establish the simplest sealing procedure, the optimization of the sealing process proceeded only for AA films without Irg.
The next step involved optimization of the AA volume per cm 2 of PMMA. The aim of this study was to determine the minimum volume of AA per cm 2 that permits a suitable sealing of the fluidic devices. Small volumes could provoke the leakage of solutions and large volumes could cause the channels to clog. AA volumes between 1.25 and 5 mL cm -2 were evaluated; the minimum volume that enabled an adequate sealing to be obtained was 2.5 mL cm -2 . Polymerization time was optimized in order to determine the minimum time necessary to achieve complete polymerization. Polymerization times between 1 and 4 min were evaluated, with 2 min having been found to be adequate.
In addition, AA showed a high chemical stability, given that there was no degradation of AA during the application to the sequential determination of calcium and magnesium.
Evaluation of the hydrodynamic characteristics
To study the performance of the developed flow system without chemical reaction, we evaluated the coefficient dispersion and compared it to those obtained with classic PTFE reactors. These studies were carried out for three micro-pump frequencies of operation (2, 3 and 4 Hz, which correspond to flow rates of 0.96, 1.44 and 1.92 mL min -1 , respectively) and six BTB volumes (32, 48, 64, 80, 96 and 112 mL). In both cases, the reactor length was kept constant (at 113 cm).
The dispersion coefficient 2 (D = C 0 /C max , where C 0 and C max are the original concentration of injected sample solution and the concentration at maximum peak, respectively) was calculated for the different previously-mentioned conditions. Results were compared and a linear relationship established between them. The dispersion level obtained in the developed flow device was 1.5 times higher than that obtained in a classic PTFE reactor of similar length. These differences were attributed to differences in the shape and geometry of the reactors. On the one hand, the imprinted reactor had a configuration according to Fig. 1 (with several right angles) and a rectangular cross-section, and on the other hand, the PTFE reactor was straight and had a circular cross-section. In addition, the results obtained were in agreement with those expected, the dispersion coefficient increased with the increase in micro-pump frequency of operation. 2 Finally and as expected, the peaks obtained were non-Gaussian and the morphology was similar for the two reactors.
Application of the fluidic devices: sequential determination of calcium and magnesium
Calcium and magnesium were determined using spectrophotometric detection. Only one wavelength was used, due to the fact that the same chromogenic reagent (CPC) was used for both metals. Masking agents were used to avoid mutual interference: 8-HQ was used to complex with magnesium in the calcium determination, while EGTA eliminated the calcium interference in the magnesium determination. Nevertheless, when higher concentrations of EGTA are used, a decrease in sensitivity is obtained due to complexation of part of the magnesium present with the EGTA excess. 8 The addition of barium(II) ions caused a significant increase in the magnesium reaction sensitivity, because less of the EGTA present in the reaction zone complexes with magnesium. 9 The optimization of physical and chemical parameters that influence the performance of the developed flow system was carried out in a univarieted approach, aimed at achieving greater sensitivity. Nevertheless, other parameters were also taken into account: namely, blank signal magnitude, repeatability, correlation coefficients, analytical frequency, reagents consumption and linearity range. These studies were carried out with a blank solution and two standard solutions, both containing calcium and magnesium. All parameters studied, together with the range study and selected figures are summarized in Table 1 .
Key figures and analytical signals obtained with the proposed flow system after optimization are presented in Table 2 and in Fig. 3 , respectively. To assess the applicability and robustness of the proposed flow system, several samples of mineral water 
a. Sample and reagents ratio: RA and RB represent R3 and R4 for the calcium determination and R5 and R6 for magnesium determination, respectively. Pulse volume of 8 mL.
and natural spring water, and certified samples were analyzed. Table 3 presents the results obtained with the developed flow system and with the reference method. For both reactions, the regression lines obtained between the two methods showed correlation coefficients (R for calcium and magnesium, respectively. Agreement between the results was also evaluated through the application of the Student t-test for paired samples on the results of both determinations. In both cases, the calculated t value was lower than the critical t value (|tcalc|Ca = 0.90 and |tcalc|Mg = 1.39 for the calcium and magnesium determination, respectively, and tcrit = 2.13, for a 95% confidence level, n = 16). Therefore, no significant statistical difference was verified between the two methods.
Conclusions
The presented process of design and construction of fluidic devices was shown to be a suitable alternative relative to other methods presented in the literature. The construction process based on the direct-write milling machine according to CAD data enables more robust, compact and smaller fluidic devices to be produced, without losing a good reproducibility for the process. Since this is a direct construction method, or in other words, since there is no need for master templates, it is appropriate for rapid prototype development. In addition, the construction method is simple, fast, enables the machination of different substrates, and does not require specific working conditions or machinery.
Therefore, it can easily be implemented in most chemistry and biochemistry laboratories; mass production of the device might also be possible.
Several sealing processes were tested and evaluated for enclosing the imprinted reactors. Since the goal was to develop a method for binding PMMA substrates as simply as possible without the need for high temperatures and pressures, UVphotopolymerization of AA was selected.
With UVphotopolymerization of AA it was possible to seal the imprinted structures in a simple and rapid way.
Results obtained from studying the hydrodynamic characteristics of the proposed flow devices allowed us to conclude that, despite the higher dispersion level obtained in the imprinted reactors, they can be used in place of classic PTFE reactors. The analytical performances of the developed flow devices with respect to reproducibility, analysis time and reagent consumption are very similar to the ones obtained in a similar flow system with PTFE reactor. Relative to sensitivity and limit of detection, a comparison can only be established to one specific flow device, given that differences in shape and geometry create variations in these two parameters. Therefore, this is one great potentiality of the proposed method for design and construction of fluidic devices.
The use of micro-pumps for inserting the solutions allows us to take advantage of some of their features: namely, increasing the degree of mixture between solutions, using them as commutation devices for solutions insertion and using their . b. RSD (%) is the relative standard deviation corresponding to 10 independent measurements in the proposed ow system using a solution containing 20 mg L -1 plus 10 mg L -1 of calcium and magnesium, respectively. c. Detection limit was calculated as the blank signal mean plus three times its standard deviation. 10 d. Sample and reagent consumption in one determination. e. Waste generated by one determination. a. Average ± standard deviation of 3 independent determinations. b. Expressed as a percentage of the proposed method relative to the reference procedure or certified value.
(sequential determinations)
